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Abstract: Organisms living at the stone–air interface are expected to be affected by changes in
the atmospheric composition due to greenhouse gases emissions. Increased CO2 concentrations
may particularly affect phototrophic microorganisms that colonize stone cultural heritage and form
subaerial biofilms. However, little is known about the effects of the environmental changes on
microorganisms that colonize stone and the consequences for cultural heritage conservation. In the
present study, we investigated how an increase in inorganic carbon concentration affected the
development of a subaerial biofilm composed by the cyanobacterium Synechocystis sp. PCC 6803
grown on granite. For this purpose, we established two experiments on biofilm formation, with
and without addition of inorganic carbon to the growth medium. Higher concentrations of carbon
promoted biofilm growth and increased the concentrations of the photosynthetic pigments chlorophyll
a and carotenoids on granite surface, potentially exacerbating the aesthetic impact of these biofilms
on stone-made cultural heritage. However, the extracellular polysaccharides produced were not
significantly affected by carbon availability, so that physical stone biodeterioration might not be
increased by the cyanobacterial matrix. The findings provide valuable data on how the existing global
change scenario might affect organisms inhabiting stone cultural heritage and encourage to develop
new sustainable treatments and methodologies to prevent biodeterioration and thus preserve stone
cultural heritage.
Keywords: biodeterioration; climate change; cultural heritage; cyanobacteria; Synechocystis sp.
PCC 6803
1. Introduction
The industrial revolution led to a rise in anthropogenic activity which has contributed to
increase the concentration of greenhouse gases (GHGs), among which CO2 plays an important role.
The concentrations of global CO2 and other gases are expected to continue to increase, in the absence of
changes in current production models. Global environmental change is thus expected to occur during
the next century, including a mean temperature increase of 0.6–4.0 ◦C and changes in precipitation
patterns [1]. Increased levels of pollutants and changes in temperature and precipitation patterns
will affect all types of materials exposed to the environment, including built cultural heritage, which
is generally neither prepared for nor adapted to the future climate variation. As a considerable
proportion (20–30%) of the degradation of monuments is due to biological activity [2,3], study of the
interactions between organisms and the changing environment is of utmost importance in order to
anticipate the possible deterioration that this may entail [4]. Algae or cyanobacteria are usually the
first colonizers of bare stone due to their availability to fix CO2, and they provide organic matter that
enables the subsequent colonization of heterotrophs [5]. These microorganisms can form subaerial
Coatings 2020, 10, 1049; doi:10.3390/coatings10111049 www.mdpi.com/journal/coatings
Coatings 2020, 10, 1049 2 of 12
biofilms, which are microbial mats that grow at the stone–air interface within a matrix of self-produced
extracellular polymeric substances (EPS) [6,7]. These complex communities can develop on stone
cultural heritage and interact with the atmosphere and the stone surface [8]. The EPS produced by
biofilms can lead to the alteration of the stone’s pore size distribution due to mechanical stresses
caused by shrinking and swelling cycles of the colloidal biogenic slimes. This result in variations of the
moisture circulation patterns and temperature response [9]. The microorganisms in subaerial biofilms
are in constant, direct contact with the environment and must; therefore, respond to changes in climate
conditions, which in turn makes them extremely tolerant and resistant to extreme conditions [10,11].
Variations in atmospheric CO2 levels may affect the physiology of these microorganisms, which can
use CO2 as a source of carbon. The growth of organisms can be enhanced by CO2 [12–14], which
can have a fertilizing effect on photosynthetic organisms due to its importance in the production of
nutrients [15–17]. However, the way that communities respond to changes in CO2 concentration is
difficult to predict and is species dependent, with different types of organisms responding differently
to the same stimulus [18,19].
Variations in climate are; therefore, expected to have an important effect on the colonizing species
of the heritage, as this will affect the environmental factors that regulate internal biological processes,
modifying their metabolism and both deteriorative and protective activity [20,21]. However, there is a
lack of information about how environmental variations, especially those related to climate change,
affect subaerial biofilms, together with the importance in relation to cultural heritage conservation.
The vast majority of studies refer to freshwater environments, and the existing literature on the effect
of climate change is extremely limited, particularly regarding the effect of CO2 on subaerial biofilms
that colonize stone heritage. In this study, we investigated how an increase in atmospheric CO2
concentrations might affect the formation of a subaerial biofilms composed by the cyanobacterium
Synechocystis sp. PCC 6803 grown on granite. For this purpose, biofilms were grown in the laboratory
in medium with or without inorganic carbon added. Biomass, photosynthetic pigment composition,
EPS production and oxidative stress of the biofilms formed were measured to study how the existing
global change scenario might affect the photosynthetic organisms inhabiting the stone cultural heritage
and shed light on the needs for its future conservation.
2. Materials and Methods
2.1. Lithotype Studied
The stone used in the study is a two-mica adamellitic granite denominated Silvestre. It is
mainly composed by quartz, K-feldspar, plagioclases, biotite, muscovite and chlorite, with an
equigranular-panallotriomorphic texture of medium grain [22]. The granite was cut with a diamond
blade to produce samples of size 7 × 2 × 1 cm3, which were used as the substrate for subaerial
biofilm formation.
2.2. Strain Studied and Culture Conditions
The microorganism used to form biofilms in the laboratory was the photoautotrophic
cyanobacterium Synechocystis sp. PCC 6803 (ATCC 27184). This species was used in the protocol
developed by [23] for subaerial biofilm formation due to its fast-growing capacity, which makes it a
model organism for studying the biofilm responses to environmental changes. Axenic batch cultures
were grown in BG11 medium [24] at room temperature and under natural illumination for a period of
one month.
2.3. Procedure for Biofilm Formation in the Laboratory
A drip flow reactor (DFR, Biosurface Technology Corp., Bozeman, MT, USA) modified with a
glass lid was used to reproduce subaerial biofilm growth at the stone–air interface, based on the
protocol developed by [23]. Individual stationary-phase cultures of Synechocystis sp. PCC 6803 were
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centrifuged at 4500 rpm for 15 min and were then resuspended in modified BG11 medium adjusted to
produce a cell concentration of 107 cell ml−1. Twenty ml of the planktonic culture was added to each
DFR channel, which also held a granite tile. The reactor was placed in a flat position and left for 24 h
at room temperature under a 14:10 light:dark photoperiod of 30 µmol photon m−2 s−1 illumination
(Lumilux T8, Osram, Berlin, Germany). After 24 h in batch mode, the reactor was drained by placing it
on a surface at an angle of 10◦. The DFR was then attached to the medium reservoir and fresh medium
(modified BG11) was pumped through each channel at a rate of 12 mL h−1. The reactor was operated
in continuous flow mode for 20 days at room temperature, under the above-described illumination
conditions. The medium used in batch and continuous flow modes was BG11 medium modified in
two different ways. Half of the samples were treated with BG11 depleted of Na2CO3 so that the only
inorganic carbon source for cyanobacteria was that derived from atmospheric CO2. The remaining
samples were treated with BG11 enriched with 1 mM Na2CO3 [25] to provide an extra inorganic source
of carbon. The pH of both media was adjusted to 7.2. The granite tiles were sampled 1 (batch mode), 3,
7, 14 and 21 days after inoculation to assess biofilm growth. Biofilm growth in the DFR was repeated
in triplicate with different inoculum cultures.
2.4. Assessment of Biofilm Development
Granite tiles sampled from the reactor were aseptically placed in 50 mL Falcon tubes containing
10 mL phosphate buffered saline (PBS, 10 mM phosphate buffer, 0.3 M NaCl pH 7.4 at 25 ◦C,
Sigma-Aldrich). The tubes were bath sonicated for 2 min and vortexed for 30 s. Remaining sessile cells
were dislodged from the stone by brushing the surface with a sterile brush. The dislodged biofilms
were homogenized (Ultra Turrax IKA T1 Basic) at 10,000 rpm for 30 s and mixed by vortexing for 30 s.
Aliquots of biofilm suspension were used in further analyses.
2.4.1. Biomass Quantification
Viable cyanobacterial cell counts within the established subaerial biofilms were determined
by plate counts. The biofilm suspension was serially diluted in PBS and drop-plated [26] on agar
containing BG11 medium. The plates were left for 2–3 days at room temperature under illumination.
The colonies were then counted, and the number of CFU per cm2 was calculated.
2.4.2. Determination of Photosynthetic Pigments
For quantification of chlorophyll (chl) a and carotenoids, 1 mL of biofilm suspension was
centrifuged at 6000 rpm for 10 min and the pellet was resuspended in 1 mL of dimethylsulfoxide
(DMSO). The suspension was heated at 65 ◦C for 1 h with shaking. The extract was then filtered
and the absorbance was measured in a UV/Visible spectrophotometer (Jenway 7315); the equations
proposed by [27] were used to calculate the chl a and carotenoids contents.
2.4.3. Assessment of Oxidative Stress
Cells in 1 mL of biofilm suspension were broken by sonication (three 1 min sonication
cycles followed by 30 s cooling periods, with Bandelin Sonopuls HD2070) to determine the
reactive oxygen species (ROS) content. The level of oxidative stress was determined using the
2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA) assay according to [28]. H2DCFDA was added
to the sonicated suspension to a final concentration of 10 µM and incubated at 30 ◦C for 30 min with
shaking. The suspension was then centrifuged at 13,000 rpm for 5 min and the fluorescence (excitation
at 485 nm, emission at 535 nm) of the supernatant was measured (Tecan Infinite 200 PRO Microplate
Reader). Fluorescence values were normalized to the number of cells.
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2.4.4. Determination of Extracellular Polymeric Substances (EPS)
Aliquots (2 mL) of biofilm suspension were centrifuged at 6000 rpm for 10 min and the resulting
pellet was resuspended in 1 mL of 2% ethylenediaminetetraacetic acid (EDTA). The suspensions were
homogenized at 10,000 rpm for 30 s and incubated with shaking for 3 h at 4 ◦C, before being centrifuged
for 20 min, 5000 rpm at 4 ◦C. The carbohydrate fraction of the filtered supernatant containing the EPS
was quantified spectrophotometrically by the phenol-sulfuric acid method [29], with D(+)-glucose
as standard.
2.4.5. Statistical Analyses
Analysis of variance (ANOVA) was applied via SPSS Statistics v19.0 (IBM) software to statistically
determine any significant differences between the samples. Differences were considered significant at
p ≤ 0.05.
2.5. Biofilm Imaging by Confocal Laser Scanning Microscopy (CLSM)
Granite tiles sampled 21 days after inoculation were observed by CLSM. Samples were stained
with the lectin ConA-Texas Red conjugate (Invitrogen) according to [23]. Confocal images were
collected using a Nikon A1 laser scanning confocal microscope and a 40× (0.75 NA) Plan Apo λ
objective. Observations were made in randomized areas of each biofilm: ConA-Texas Red (excitation,
561 nm; emission, 570–620 nm) targeting polysaccharide components of the EPS was recorded in the
green channel and chlorophyll autofluorescence of cyanobacterial cells (excitation, 633 nm; emission,
650–750 nm) was recorded in the red channel. Captured images were analyzed with the software
ImageJ v.1.52o (https://imagej.nih.gov/ij/).
3. Results
Synechocystis sp. PCC 6803 cells formed visible subaerial biofilms on granite samples in the
DFR (Figure 1). Samples observed under CLSM showed agglomerations of cyanobacterial cells
homogeneously distributed and surrounded by EPS, both in biofilms grown in carbon-enriched and
non-enriched environments (Figure 2).
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Figure 1. Biofilms formed on granite samples after incubation for 21 days in a drip flow reactor with
carbon-enriched medium.
Figure 2. Maximum fluorescence Z projections of confocal laser scanning microscopy (CLSM) images
of biofilms grown for 21 days in (A) medium enriched with inorganic carbon and (B) non-enriched
medium. Red: Chlorophyll autofluorescence; green: EPS dyed with ConA-Texas Red.
The effects of incubation time and the addition of inorganic carbon in the medium on the
characteristics studied of the biofilms formed are shown in Table 1. The concentration of inorganic
carbon in the medium significantly affected growth in terms of cell counts and concentrations
of photosynthetic pigments (chl a and carotenoids) per area. The pigments production per CFU,
as well as the level of oxidative stress and the extracellular polysaccharides production were not
significantly affected. Number of cells, pigments production and EPS also varied significantly
throughout the incubation time. Interactions between time and carbon concentration only affected chl
a and carotenoids production.
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Table 1. ANOVA of the characteristics of the biofilms studied, considering the incubation time and the
addition of inorganic carbon in the medium as factors. p-values ≤ 0.05 are indicated in bold type.
Variable\Factor Time CO2 Time × CO2
CFU·cm−2 <0.001 (F = 41.3) 0.027 (F = 5.7) 0.149 (F = 1.9)
Chl a µg·cm−2 <0.001 (F = 113.1) 0.005 (F = 10.0) 0.031 (F = 3.3)
Chl a µg·CFU−1 <0.001 (F = 12.5) 0.457 (F = 0.6) 0.032 (F = 3.3)
Carotenoids µg·cm−2 <0.001 (F = 174.0) 0.004 (F = 10.7) 0.012 (F = 4.3)
Carotenoids µg·CFU−1 <0.001 (F = 15.0) 0.247 (F = 1.4) 0.029 (F = 3.4)
ROS rel. units·CFU−1 0.300 (F = 1.3) 0.071 (F = 3.6) 0.244 (F = 1.5)
EPS µg
carbohydrate·cm−2 <0.001 (F = 14.5) 0.099 (F = 3.0) 0.070 (F = 2.6)
EPS µg
carbohydrate·CFU−1 <0.001 (F = 10.0) 0.203 (F = 1.7) 0.565 (F = 0.8)
CFU: colony forming units; chl: chlorophyll; ROS: reactive oxygen species; EPS: extracellular polymeric substances.
After an initial 24 h in batch mode, the number of cyanobacterial cells attached to granite samples
was similar at low C concentration (6.16 ± 0.12 log10CFU·cm−2) and high C concentration (6.13 ±
0.06 log10CFU·cm−2) in the medium (Figure 3). Biofilms formed rapidly after two days in drip flow
conditions, up to 6.79± 0.15 log10CFU·cm−2 at low C concentration and up to 6.81± 0.23 log10CFU·cm−2
at high C concentration. Differences in biofilm growth began after 14 days of incubation, when biofilms
grown under low C concentration seemed to have reached a steady state, whereas biofilms grown
under high C concentration kept growing. At the end of the experiment (i.e., after 21 days), the number
of cyanobacterial cells in biofilms grown at the high C concentration (7.15 ± 0.09 log10CFU·cm−2) was
higher than in the biofilms grown at the low C concentration (6.88 ± 0.07 log10CFU·cm−2).
Figure 3. Biofilm growth in non-enriched medium and in medium enriched with inorganic carbon. Data
are expressed as mean values of three independent replicates (error bars indicate standard deviations).
The amounts of photosynthetic pigments per area were also significantly affected by the different
inorganic carbon concentrations (Table 1, Figure 4A). In both experiments, the chl a and carotenoids
concentrations in biofilms were similar during the first 14 days of incubation, but after 21 days,
the total chl a and carotenoids produced by biofilms grown at high C concentration (2.83 ± 0.14 and
0.84 ± 0.05 µg·cm−2, respectively) were higher than those produced by biofilms grown at the low
C concentration (2.01 ± 0.39 and 0.62 ± 0.14 µg·cm−2, respectively). Otherwise, the effect of carbon
availability on the pigment production per CFU was not statistically significant (Table 1, Figure 4B).
The high deviations between replicates could be under the absence of significant effects. These results
indicate that higher carbon concentrations did not enhance chl a and carotenoids production in each
cell but, as biomass growth was enhanced (Table 1, Figure 3), the concentrations of pigments per area
of the stone increased in the carbon-enriched environment.
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Figure 4. (A) Photosynthetic pigments concentration on granite surface and (B) photosynthetic
pigments production per cell in biofilms grown in non-enriched medium and in medium enriched
with inorganic carbon. Data are expressed as mean values of three independent replicates (error bars
indicate standard deviations).
Regarding levels of oxidative stress, the ROS concentrations in biofilms throughout the experiments
are shown in Figure 5. High deviations between replicates were observed, so that ANOVA did not
reveal any significant differences, as neither the amount of carbon in the medium nor the incubation
time significantly affected the ROS content of the biofilms (Table 1).
Figure 5. ROS in biofilms grown in non-enriched medium and in medium enriched with inorganic
carbon. Data are expressed as mean values of three independent replicates (error bars indicate standard
deviations).
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EPS produced by biofilms, measured as the carbohydrate fraction, did not differ clearly in the
two experiments, in relation to either the total or relative number of CFU (Figure 6). For biofilms
grown with the low carbon concentration, the total EPS ranged from 0.79 ± 0.14 µg·cm−2 after initial
24 h under batch conditions to 2.44 ± 0.51 µg·cm−2 after 21 days of incubation. For biofilms grown in
carbon-supplemented medium, the values ranged from 0.92 ± 0.24 to 2.11 ± 0.47 µg·cm−2, respectively.
Both low and high carbon concentration conditions led to higher production of EPS per CFU at
the attachment phase, with a subsequent decrease in this measure under medium flow. Thus, the
incubation time significantly affected EPS production, but carbon concentration was not a significant
factor (Table 1).
Figure 6. (A) EPS (carbohydrate fraction) concentration on granite surface and (B) EPS production per
cell in biofilms grown in non-enriched medium and in medium enriched with inorganic carbon. Data
are expressed as mean values of three independent replicates (error bars indicate standard deviations).
4. Discussion
Cyanobacteria are pioneering organisms in many habitats. They can also be easily genetically
modified, making them valuable research models in many research areas. More specifically, Synechocystis
sp. PCC 6803 has been widely studied and is considered a model organism for studying the effect
of stress on metabolism and physiology [30]. In the present study, subaerial biofilms of Synechocystis
sp. PCC 6803 were successfully grown on granite in a DFR under conditions characterized by two
different levels of carbon availability. Biofilms growth was enhanced and pigments concentration was
higher in biofilms exposed to higher carbon concentration, suggesting that the level of atmospheric
CO2 may be a limiting factor for subaerial biofilm development.
Previous data on cyanobacterial growth under different carbon concentrations outside the
aquatic environment are scarce. Although inorganic carbon seems to maximize growth of freshwater
cyanobacteria under favorable conditions, its effect is limited by other factors such as humidity, light
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and nutrient concentrations. For example, an increase in the performance of Synechocystis sp. in
a CO2-rich environment was observed, relative to atmospheric CO2 levels [31]. However, under
nutrient depletion, the effect of increased CO2 on the growth of Microcystis aeruginosa was limited [32].
Growth of species such as Anabaena sp. PCC 7120 [33] and Gloeotrichia natans [34] did not differ in
response to different levels of CO2. In other types of environments, in which both water restrictions and
different concentrations of CO2 were applied, it was found that although higher levels of atmospheric
CO2 may favor the growth of subaerial multispecies phototrophic biofilms, the effect seems to be offset
when water availability is limited [35].
Contrasting findings on pigment production in algae and cyanobacteria in environments in which
different levels of inorganic carbon are available have been reported. Thus, some studies reported
an increase in production [36], but others have reported a reduction in production [37,38]. In the
present study, higher concentrations of CO2 did not cause an increase the production of photosynthetic
pigments per cell. However, as biofilm growth was enhanced, the total amounts of pigments (both
chl a and carotenoids) increased per area. The concentration of photosynthetic pigments per area
is directly related to the colour change produced by phototrophic biofilms on the stone where they
grow [39–41]. These results may; therefore, involve negative impacts regarding the possible effects of
an increase in atmospheric CO2 on the stone colonization and biodeterioration processes. An increase
in growth of cyanobacterial biofilms and in pigment concentrations may exacerbate the aesthetic
impact of these biofilms on stone-made cultural heritage and; therefore, lead to treatments being
necessary (e.g., biocide coating [42], laser cleaning [43] or application of natural oils [44]) and/or
loss of value. An essential strategy to prevent colonization and subsequent biodeterioration is the
selection of appropriate materials for building, ornamental purposes or replacement. In this regard,
the bioreceptivity index (BI) [45] can be used as a decision-making tool and considered a new quality
factor for the building stone industry.
The study findings showed that extracellular polysaccharides production did not differ significantly
in biofilms grown in carbon-enriched and non-enriched environments. The EPS produced by
cyanobacteria are mainly composed of polysaccharides [46,47]. An increase in carbon availability is
expected to lead to an increase in EPS production [48]. Other studies have shown that EPS production
was increased in a Nostoc sp. culture grown in a CO2-rich environment [49], and was attributed to
a mechanism allowing cells to get rid excess carbon produced by overflow metabolism of CO2 [50].
However, in the present study carbon supply may not have been in excess of the cell requirements,
and EPS production would; therefore, not increase. Moreover, Vázquez-Nion et al. [51,52] have
suggested that EPS production in phototrophic subaerial biofilms is required at the initial stage of stone
colonization for subsequent growth, but that the amounts of EPS finally produced depend primarily
on the requirements and/or capacity of the biofilm-forming microorganisms rather than on the extent
of growth achieved.
Different types of stress are known to increase ROS production, as found for Dunaliella sp.
microalgae, for which it was observed that the amounts of H2O2 were higher in the strains grown
under 0.03% of CO2 (near current atmospheric levels) than those grown at 10% [53]. One of the
consequences of stress is an increase in EPS production, to protect the cells [54]. In addition, increased
ROS can oxidize membranes and proteins, so that EPS production can occur in an attempt to replace the
molecules destroyed [53]. No significant differences in either ROS or EPS production were observed
in Synechocystis sp. PCC 6803 biofilms grown in the presence of different concentrations of inorganic
carbon. EPS constitute the main physical weathering agent in phototrophic biofilms, as absorption of
water and desiccation cause swelling and shrinkage of the biofilm matrix, thus exerting mechanical
stress on the mineral structure and finally leading to cracks and fissures in the stone [9]. Therefore, the
present findings are particularly important from the point of view of biodeterioration. Although the
expected increase in atmospheric CO2 levels may increase the aesthetic impact due to enhanced growth
and the subsequent presence of pigments on the stone, this will not necessarily be accompanied by an
increase in physical stone biodeterioration caused by the cyanobacterial EPS matrix.
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5. Conclusions
This study provided valuable data on how the current global change scenario might affect
organisms inhabiting the stone cultural heritage. Results showed that an environment enriched in
inorganic carbon promoted growth of the cyanobacterium Synechocystis sp. PCC 6803. Inorganic carbon
did not affect chl a and carotenoids production per cell, but a higher growth lead to the presence of higher
amounts of photosynthetic pigments on granite surface. By contrast, oxidative stress and extracellular
polysaccharides production was not significantly affected by carbon availability. Regarding possible
implications for the future conservation of stone cultural heritage, an increase in the aesthetic impact
of phototrophic biofilms colonizing buildings and monuments might be expected. However, this
will not necessarily lead to an increase in physical biodeterioration. As different microorganisms can
respond in different ways to environmental changes, further research should be carried out with other
biofilm-forming species and other environmental factors subjected to future variations in the global
change scenario. These results should also encourage to develop new sustainable treatments and
methodologies to prevent biodeterioration and thus preserve stone cultural heritage.
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